Edited by George N. DeMartino RNF144A is a single-pass transmembrane RBR E3 ligase that interacts with and degrades cytoplasmic DNA-PKcs, which is an epidermal growth factor receptor (EGFR)-interacting partner. Interestingly, RNF144A expression is positively correlated with EGFR mRNA and protein levels in several types of cancer.
RNF144A is a less characterized member of the ring between ring fingers (RBR) 3 family proteins that possess ubiquitin E3 ligase activities (1) (2) (3) (4) (5) . Most, if not all, well-characterized RBR E3 ligases, such as Parkin and HOIP, play important roles in many cellular functions and pathogenesis of human diseases. It has been shown that several self-regulating or autoinhibitory mechanisms can precisely control their physiological functions (1, 6 -9) . Among 12 human RBR family members, RNF144A along with RNF144B, RNF19A/Dorfin, RNF19B, and RNF217, contain one or two transmembrane (TM) domains, and may have other unique physiological functions and regulation mechanisms (4) . Indeed, RNF144A has a specific self-regulation and activation mechanism through its RBR-TM(GXXXG) superstructure (10) . The single TM domain of RNF144A also makes it localized mainly in the membranes and transported between the cell surface and the membranes of intracellular vesicles including endosomes, lysosomes, endoplasmic reticulum, perinuclear vesicles, and others (11) . The membrane localization and intracellular transport suggest that RNF144A may be involved in regulation of receptors and their signaling. Moreover, RNF144A is the first identified mammalian E3 ligase for DNA-dependent protein kinase, catalytic subunit (DNA-PKcs), which is an interacting partner of the epidermal growth factor receptor (EGFR) and also plays roles in cell metabolism and proliferation (11) (12) (13) (14) . However, the relationship between RNF144A and the EGF/ EGFR signaling and the EGF-dependent cell proliferation remains unexplored.
EGFR belongs to the EGFR family of receptor tyrosine kinases (15) . Containing one TM domain, EGFR is mainly localized on the cell membrane and transported between different subcellular organelles to carry out its physiological functions or undergo degradation. Binding of EGFR ligands such as EGF, transforming growth factor-␣ (TGF-␣), and others will initiate EGFR dimerization, autophosphorylation, ubiquitination, activation, and endocytosis (16 -18) . Activated cell-surface EGFR is internalized and sorted in the early endosomes or macropinosomes (19, 20) , where the receptor is either recycled back to the cell surface or degraded through the multivesicular bodieslysosome axis pathway (19) .
During EGF/EGFR signaling, ligand-activated EGFR recruits several initiators of major signal pathways including GRB2 for the mitogen-activated protein kinase pathway, GAB1 for the phosphoinositide 3-kinase pathway, and others at the cell surface. These major signaling pathways lead to many essential cellular functions including migration, proliferation, differentiation, and others (16 -18) . Moreover, EGF binding also activates the expression of the EGFR gene itself (21) (22) (23) . Activated EGFR can also be transported from the cell surface into the nucleus and directly act as a transcription coregulator to activate CCND1 (24) and MYBL2 (25) and other genes for the G 1 /S phase progression and cell proliferation. Additionally, EGFR may have other yet to be determined roles in different subcellular organelles. For example, the mitochondrial EGFR can phosphorylate mitochondrial cytochrome c oxidase subunit II (CoxII) and regulate mitochondria function (26) . Endosome-activated EGFR can promote cell proliferation and survival (27) or induce cell apoptosis (28) . Thus, in addition to surface EGFR, the cytosolic active EGFR also contributes to EGFR cellular functions. However, more research is needed to fully understand EGFR regulation. Furthermore, EGFR can interact RNF144A regulates EGF/EGFR signaling with DNA-PKcs and promote DNA-PK-dependent errorprone nonhomologous end-joining (NHEJ) DNA repair upon radiation treatment (29, 30) . Hence, aberrant EGFR activity is usually involved in the pathogenesis of human cancer, and is a target for cancer therapy (15) . Certainly, a better understanding of the complex regulation of EGFR activity and downstream signaling will benefit both basic scientific knowledge and therapy options for cancer patients.
In this study, the functional roles of RNF144A in the regulation of the EGF/EGFR signaling were investigated using various biochemical and cell biological approaches. Multiple lines of evidence support that RNF144A interacts with EGFR and promotes its signaling. First, EGFR ligands, but not DNA damaging agents, induce the cytosolic RNF144A-EGFR interaction. This interaction requires the RNF144A TM domain that is important for RNF144A activation (10) . Furthermore, RNF144A promotes ubiquitination of EGFR and regulates its transport in the intracellular vesicles. This mechanism is important for sustaining EGFR protein level and EGF/EGFR signaling after EGF treatment. Consequently, RNF144A promotes EGF-dependent cell cycle gene activation and proliferation. Taken together, these findings reveal a novel role for RNF144A in the regulation of the EGF-dependent cell proliferation and sustaining EGF/ EGFR signaling.
Results

EGF induces colocalization of RNF144A and EGFR in the intracellular vesicles
To investigate the relationship between RNF144A and EGF/ EGFR signaling, we examined subcellular localization of RNF144A after EGF stimulation ( Fig. 1A) . Consistent with previous work on RNF144A subcellular localization (10, 11) , RNF144A is localized to the plasma membrane and subcellular vesicles under serum starvation ( Fig. 1A, top panel) . Interestingly, EGF stimulation caused a rapid change in RNF144A localization between the plasma membrane and the cytoplasm. RNF144A moved into the cytoplasm (Fig. 1A , middle panel) at 15 min after EGF stimulation and then moved again to the plasma membrane at 60 min after EGF stimulation (Fig. 1A , bottom panel). We further showed that RNF144A is mainly colocalized with Rab5 (early endosomes), Rab7 (late endosomes), and Rab11 (recycling endosomes) under EGF stimulation ( Fig. 1B) . Thus, there is dynamic relocalization of RNF144A upon EGF stimulation.
We also demonstrated that RNF144A is colocalized with EGFR in the plasma membrane and intracellular vesicles ( Fig.  1C and Fig. S1 ). Furthermore, EGF stimulation also resulted in colocalization of RNF144A and EGFR in the big ring-shaped vesicles (Fig. 1C , bottom panel, and Fig. 4F ). We characterized these intracellular big ring-shaped vesicles as predominantly vesicles containing Rab5 protein ( Fig. 1D, #1) . Notably, RNF144A and EGFR are also colocalized to intracellular nonring shape dots ( Fig. 1D , #2, #4, #6, and #8) and transported together in the cytoplasm (Movie S1). These results indicate that EGF stimulation induces colocalization of RNF144A and EGFR in different intracellular vesicles, and suggest a possible relationship between RNF144A and EGFR upon EGF stimulation.
EGFR ligands induce a dynamic interaction between RNF144A and EGFR
In view of the EGF-induced colocalization of RNF144A-EGFR in different intracellular vesicles ( Fig. 1 ), we then investigated whether RNF144A interacted with EGFR, particularly after EGF stimulation ( Fig. 2) . Indeed, EGF stimulation significantly promoted endogenous RNF144A-EGFR interaction ( Fig.  2A ). In addition, RNF144A was able to interact with EGFR through its C terminus (amino acids 173-292), and its TM domain was required for this interaction (Fig. 2 , B-D). We also examined the kinetic of RNF144A-EGFR association. The complex was induced after 20 min of EGF stimulation, sustained for up to 4 h, and then decreased ( Fig. 2 , E-H). Moreover, treatment with a dual EGFR/HER2 kinase inhibitor, Lapatinib, blocked the EGF-dependent RNF144A-EGFR interaction, supporting that EGFR kinase activity is required for RNF144A-EGFR interaction (Fig. 2 , I-J). In addition, an in vitro association assay confirmed that RNF144A only associated with EGF-stimulated EGFR (Fig. 2 , K-L). In this in vitro assay, affinity purified FLAG-RNF144A was incubated with EGFR prepared from separately cultured EGF-stimulated cells. Thus, the data demonstrate their interaction can happen in vitro independently of their membrane localization. Moreover, the interaction was not observed under starvation conditions when both proteins are localized in the plasma membrane ( Fig. 1C ). Together, these data argue that the RNF144A-EGFR interaction is not simply due to colocalization in the same intracellular compartment. We further demonstrated that both EGFR ligands, EGF and TGF-␣, were able to greatly induce RNF144A-EGFR association ( Fig. 2 , M and N). Taken together, these results indicate that EGFR ligands can induce a dynamic interaction between RNF144A and EGFR.
RNF144A interacts with endocytosed EGFR in early endosomes
To further investigate the RNF144A-EGFR interaction in detail, we used various inhibitors to map the subcellular localization of the RNF144A-EGFR interaction. Interestingly, an endocytosis inhibitor, concanavalin A (ConA), reduced the EGF stimulation-dependent RNF144A-EGFR interaction, sug- 
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gesting that RNF144A interacted with EGFR in the cytosolic vesicles rather than in the plasma membrane ( Fig. 3, A and B) . Consistent with previous studies, ConA treatment not only blocked endocytosis of the activated EGFR and prevented its subsequent degradation but also resulted in cleavage of a small fraction of EGFR in the plasma membrane to a 26-kDa fragment (31) , which is shown here as a positive control for ConA treatment. Because the microtubule-depolymerizing agent is able to block transfer of endocytosed components from the early to late endosomes (32, 33) , nocodazole (Noc) was used to further determine the effect of early-to-late endocytosis trafficking on the RNF144A-EGFR interaction. As expected, lapatinib, but not Noc, treatment blocked EGF-mediated endocytosis of EGFR ( Fig. S2 ). Unlike ConA, which reduced RNF144A-EGFR interaction (Fig. 3, A and B) , Noc treatment led to accumulation of the RNF144A-EGFR complex, indicating that this interaction may occur in early endosomes, rather than in late endosomes ( Fig. 3 , C and D). Moreover, both proteasome and lysosome inhibitors also greatly led to the accumulation of RNF144A-EGFR complex. These data, along with the results of Fig. 1D , indicate that upon EGF stimulation, RNF144A interacts with endocytosed EGFR in early endosomes and both are transported together to late endosomes and lysosomes.
RNF144A-EGFR interaction is not induced upon DNA damage and does not require DNA-PKcs
A severe DNA damage may also trigger both EGFR endocytosis and downstream survival signaling (34) , and RNF144A accumulation (11) . We examined RNF144A-EGFR association after treatment with various DNA damaging agents to see whether RNF144A-EGFR complex formation is specific to EGF induction. DNA damaging agents only induced RNF144A accumulation but not RNF144A-EGFR association, supporting that ligand-dependent endocytosis is required for this interaction ( Fig. 3F ). This EGF stimulation-dependent RNF144A-EGFR interaction was also observed at the endogenous levels ( Fig. 2A ). Therefore, these results strongly suggest that RNF144A interacts with activated EGFR and regulates its functions.
DNA-PKcs can interact with both RNF144A (11, 35) and EGFR (36 -38) . EGFR kinase activity inhibitor, gefitinib, induces DNA-PKcs cytosolic redistribution, EGFR-DNA-PKcs association, and inhibits DNA-PKcs activity (38, 39) . Hence, we determined the relationship between RNF144A, DNA-PKcs, and EGFR upon EGF treatment. Consistent with our previous study (11) , RNF144A interacted with DNA-PKcs ( Fig. 3 , C and E). Interestingly, EGF treatment also promoted RNF144A-DNA-PKcs complex accumulation ( Fig. 3 , C and E, and Fig. S3A ). More-over, treatment of either a lysosome inhibitor or a proteasome inhibitor led to accumulation of the RNF144A-DNA-PKcs complex, suggesting a lysosome and/or proteasome-dependent degradative process of RNF144A-DNA-PKcs complex after EGF stimulation. RNF144A knockdown also increased the DNA-PKcs protein level in both cytosol and nucleus, and EGF stimulation dramatically increased DNA-PKcs in the RNF144A knockdown cell (Fig. S3B ). Conversely, RNF144A overexpression promoted EGF-dependent degradation of DNA-PKcs, and the proteasome inhibitor was able to rescue this degradation ( Fig. S3C ). These data support that RNF144A promotes DNA-PKcs degradation upon EGF stimulation. To investigate whether DNA-PKcs is involved in RNF144A-EGFR interaction, we examined their interaction in DNA-PKc-deficient cells (M059J) and DNA-PKc-proficient cells (M059K). The results demonstrated that DNA-PKcs is not required for the RNF144A-EGFR interaction, because their interaction was detectable to a similar extent in both cell lines ( Fig. 3 , H-J, and Fig. S4 ). In the present study, we focused on the effect of RNF144A on EGFR protein and signaling. Future study will be required to address whether there is any relationship between RNF144A-EGFR and RNF144A-DNA-PKcs complexes.
RNF144A promotes ubiquitination of EGFR
Because RNF144A is an EGFR-associated E3 ligase in the intracellular vesicles, the ubiquitination level of EGFR upon overexpression of RNF144A was also examined. As shown in Fig. 4 , A-C, overexpression of WT RNF144A promoted ubiquitination of EGFR and phosphorylated Tyr 1068 -EGFR after EGF stimulation. In addition, overexpression of WT RNF144A significantly enhanced ubiquitination of Tyr(P) 1068 -EGFR and resulted in a higher molecular weight smear pattern in total EGFR ubiquitination. Consistent with our previous study (10, 11) , overexpression of WT RNF144A (but not ligase-dead C20A/C23A mutant or ⌬TM mutant) can also promote ubiquitination of DNA-PKcs. Similar results were obtained in the overexpression of exogenous EGFR and WT RNF144A under starvation and EGF stimulation conditions ( Fig. 4 , D and E). However, overexpression of a ligase-dead mutant failed to promote EGFR ubiquitination ( Fig. 4 , A-E). Interestingly, this increased ubiquitination level of EGFR may be coupled with EGF-stimulated EGFR subcellular localization ( Fig. 4 , F-H) and protein levels ( Fig. 4 , I and J). Overexpression of WT RNF144A, but not a ligase-dead mutant, promoted the formation of intracellular ring-shaped vesicles in these EGFR-positive cells following EGF stimulation ( Fig. 4F ). Of note, RNF144A is colocalized with EGFR in these intracellular ring-shaped vesicles, which are also Rab5-containing vesicles ( Fig. 1D ). Both WT RNF144A and RNF144A(C20A/C23A) can co-localize with Figure 2 . EGFR ligands induce a dynamic interaction between RNF144A and EGFR. A, Western blot analysis demonstrates association between RNF144A and EGFR in the endogenous level in U2OS cells. B-D, the TM domain of RNF144A is required for the RNF144A-EGFR interaction. B, a scheme of the FLAG-tagged human RNF144A and different deletion constructs used in mapping the RNF144A-EGFR interacting region. C, deletion of the TM domain, but not the RBR domain, of RNF144A blocked the RNF144A-EGFR interaction. D, quantification of the EGFR/RNF144A ratio in the FLAG IP from C. E-H, Western blotting shows that EGF induced RNF144A-EGFR association in a time-dependent manner (E and G). LE: long exposure; SE, short exposure. F and H, quantification of EGFR/ RNF144A ratio in the FLAG IP from E and G. I and J, EGFR kinase inhibitor, lapatinib, blocked the EGF-induced RNF144A-EGFR association. K and L, in vitro binding experiment shows that RNF144A could only pulldown EGFR from the cell lysates in which the cells had been stimulated by EGF. M and N, Western blot analysis shows that EGFR ligands, EGF and TGF-␣, induced RNF144A-EGFR association. FLAG, FLAG-tagged empty vector; BSA, 0.1% BSA in serum-free medium; EGF, EGF stimulation; DMSO is a control solution of lapatinib. All quantification data represent mean Ϯ S.D. from three independent experiments. *, p Ͻ 0.05; N.S., not significant. Rab5 (Fig. S6 ). Thus, the difference observed in Fig. 4F is not because the mutant localizes at different vesicles, but rather suggest that formation of EGFR(ϩ) ring-shaped vesicles depends on the E3 ligase activity of RNF144A. We also made use of the RNF144A knockout U2OS cells (described in next section) to investigate a role for RNF144A in the formation of these EGFR-positive ring vesicles. The EGFP-tagged EGFR is mainly located on the cell surface of RNF144A-proficient and -deficient cells (Fig. 4G , upper two panels) under regular medium and serum starvation conditions. EGF stimulation induced big ring-shaped EGFR-positive vesicles in the control cells. However, depletion of RNF144A significantly reduced the number of these large EGFR-positive vesicles (Fig. 4 , G and H, and Fig. S5 ). We also explored EGFR protein levels by overexpression of WT or mutant RNF144A. Overexpression of WT RNF144A increased EGFR protein, but overexpression of ligase-dead mutant RNF144A(C20A/C23A) decreased EGFstimulated EGFR protein (Fig. 4 , I and J). Our previous study has characterized that the TM domain of RNF144A is important for its E3 ligase activation and subcellular localization, we further determined the effect of two somatic TM domain mutations (RNF144A(G252D) and RNF144A(L261F)) on EGFR protein. RNF144A(G252D) originally came from gastric adenocarcinoma. It has been shown that RNF144A(G252D) lost its membrane localization and had a very short half-life (ϳ20 min) (10) . RNF144A(L261F) is derived from cutaneous melanoma. We did not find significant changes in subcellular localization and half-life (10) . Interestingly, these two somatic RNF144A TM mutations, G252D and L261F, either completely inhibited or reduced the interaction of RNF144A and EGFR ( Fig.  S7 ). Moreover, overexpression of these two tumor-derived RNF144A mutants also decreased the EGFR protein level (Fig.  4 , I and J). Because RNF144A WT provides positive regulation of EGFR protein, the loss or decrease of RNF144A-EGFR interaction inhibits or mitigates the effect of RNF144A on the EGFR protein. These results indicate that RNF144A can regulate EGFR protein levels and localization through its E3 ligase activity.
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RNF144A plays a key role for maintaining EGFR protein levels and signaling
To further determine the potential role of RNF144A in EGF/ EGFR-dependent functions, two independent RNF144A-depleted clones, RNF144A-KO1 and RNF144A-KO2, were generated in U2OS cells using the CRISPR/Cas9 system (Fig. 5, A and  B) (40, 41) . Consistent with the previous studies (10, 11), RNF144A was unstable and can be rescued in CRISPR-CTRL cells by the proteasome inhibitor MG132 (Fig. 5B ). We first examined the EGFR protein levels in these knockout cells. As shown in Fig. 5 , C and D, RNF144A knockout decreased the EGFR protein levels in U2OS cells, both in basal (prior to EGF stimulation) and EGF stimulation conditions. Similarly, a decrease of EGFR protein basal level was also observed in the transformed Rnf144a KO mouse embryonic fibroblasts (MEFs) (Fig. 5, E and F, and Fig. S8 ) and in RNF144A-depleted human HepG2 and M059J cells ( Fig. 5, G-J, and Fig. S9 ). In addition, proteasome and lysosome inhibitors can partially rescue the EGFR protein levels (Fig. 5K ). This rescue supports that EGFR protein stability can be modulated by RNF144A via a post-transcriptional mechanism. Indeed, depletion of RNF144A also promoted EGF-induced degradation of EGFR protein under inhibition of newly synthesized EGFR by cycloheximide treatment (Fig. 5, L and M) . Furthermore, reintroduction of exogenous RNF144A attenuated EGF-stimulated EGFR degradation in both RNF144A KO cells (Fig. 5, N-Q) . Overexpression of RNF144A further stabilized both EGFR-Tyr(P) 1068 and total EGFR and promoted their downstream signaling of phosphorylation of ERK (Fig. 5, R-T, and Fig. S10 ). Overall, these results suggest that RNF144A plays a key role in stabilizing the EGFR protein during the EGF stimulation cycle.
Positive correlation between the expression of EGFR and RNF144A in several types of cancer
Given the positive regulation of EGFR protein and signaling by RNF144A, we also examined the relationship between RNF144A and EGFR in several types of clinical cancer samples (Fig. 6 ). Because EGF binding to EGFR activates expression of the EGFR gene itself (21) (22) (23) , EGFR mRNA levels may in part reflect EGF/EGFR signaling activity. Indeed, we found a positive correlation between RNF144A and EGFR mRNA expression in breast, thyroid, colon, endometrial, and colorectal cancers (Fig. 6A ). In addition, RNF144A transcript levels were also positively correlated with EGFR protein levels in luminal A and luminal B breast cancers (Fig. 6B ). The correlation in many cancer types in conjunction with the data presented in cultured cells strongly support that RNF144A up-regulates EGFR protein and its signaling function.
A role for RNF144A in EGF-dependent gene activation and cell proliferation
To further determine a physiological role for RNF144A in EGF/EGFR signaling, we examined EGF-dependent gene activation, cell proliferation, and other functions in two RNF144A knockout cell lines. Contrary to RNF144A overexpression, which promoted EGF/EGFR signaling (Fig. 5 , R-T, and Fig.  S10 ), RNF144A depletion reduced EGFR signaling responses, including phosphorylation of EGFR-Tyr 1068 , AKT-Ser 473 , and ERK-Thr 202 /Tyr 204 (Fig. 7, A-E) . Notably, depletion of RNF144A only resulted in a decrease in EGFR protein levels, but did not result in a decrease in AKT or ERK protein levels RNF144A regulates EGF/EGFR signaling (Fig. 7B ). We then examined RNF144A mRNA and the activation of EGF/EGFR-dependent G 1 /S progression genes after EGF stimulation. Interestingly, EGF stimulation induced RNF144A gene expression ( Fig. 7F and Fig. S8 ), supporting the involvement of RNF144A in EGF/EGFR-dependent functions. Consistent with the well-established EGF-dependent functions, EGF stimulation activated EGFR (21-23), CCND1 (24), and MYBL2 (25) genes in the CRISPR-CTRL cells (Fig. 7, H-J) . 
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Importantly, the response of EGFR, B-Myb, and Cyclin D1 to EGF stimulation was blunted in RNF144A-depleted cells (Fig. 7, H-J) . Knockout of Rnf144a in mouse embryonic fibroblasts also inhibited EGF-dependent up-regulation of Egfr expression ( Fig. S8 ). Moreover, RNF144A depletion affected EGF-dependent cell cycle progression, caused an increase of G 1 phase cell population (Fig. 7K) , and reduced EGF-dependent cell growth (Fig. 7L) . These results demonstrate a role for RNF144A in EGF-stimulated gene activation and cell proliferation.
Discussion
The current study uncovers unexpected functions for an RBR E3 ligase RNF144A. To our knowledge, this is the first study demonstrating that RNF144A physically interacts with EGFR and regulates its signaling and EGF-dependent cell proliferation. Several lines of evidence are presented to support this conclusion. First, by a combination of biochemical and cell biological studies we identify the formation of the RNF144A-EGFR complex upon EGFR ligand stimulation in endocytic ves-RNF144A regulates EGF/EGFR signaling icles and early endosomes where ubiquitination of activated EGFR by RNF144A maintains EGFR protein level and sustains EGF/EGFR signaling. Second, using murine genetic knockout, CRISPR knockout, and small hairpin RNA approaches, a physiological role for RNF144A in maintaining EGFR protein level and EGF/EGFR signaling is demonstrated in both human and mouse cells. Consistently, overexpression of RNF144A can promote EGF/EGFR signaling. Moreover, the expression levels of RNF144A and EGFR are positively correlated in several types of cancer. Third, depletion of RNF144A blocks EGF-dependent G 1 /S progression genes activation and reduces the EGF-dependent cell proliferation. Collectively, this study reveals a fundamental function of RNF144A in the regulation of growth factor signaling and cell proliferation.
RNF144A contains an RBR domain and a single TM domain. Our previous study has revealed that the single TM domain is responsible for RNF144A membrane localization and self-association, both required for its ligase function (10) . This single TM domain not only restricts RNF144A subcellular localization and activation but also physiologically restricts its target proteins to the ones that are localized in the membrane or at least exist on the same subcellular compartment of RNF144A RBR domain for ubiquitination. The data that the TM domain, but not RBR domain, of RNF144A is required for the RNF144A-EGFR interaction further supports a role for this TM domain (Fig. 2, B-D) . Interestingly, the correct TM domain and its juxtamembrane region of RNF144A are also important for RNF144A-EGFR interaction and/or RNF144A plasma membrane localization. RNF144A(1-272), RNF144A(G252D), and RNF144A(L261F) reduce their interaction with EGFR (Fig.  2, B-D, and Fig. S7 ), and both RNF144A(1-272) and RNF144A(G252D) alters their subcellular localization pattern ( Fig. S11) (10) . In addition, overexpression of the RNF144A-⌬TM mutant fails to promote ubiquitination of EGFR and DNA-PKcs (Fig. 4, A-C) . Because the RNF144A-⌬TM mutant still contains a complete RBR domain, these data indicate that both RBR and TM domains of RNF144A are required for its E3 ligase activity in the cells. Additionally, we show that EGF can induce the expression of RNF144A, which in turn plays a role in maintaining the EGFR protein level and signaling. Effective EGF signaling in the presence of RNF144A further induces EGFR gene expression ( Fig. 7H and Fig. S8 ). Therefore, through RNF144A, EGF and EGFR induce a positive feedback loop to achieve a maximal response during growth factors stimulation.
Indeed, in several types of cancer, such as breast, thyroid, endometrial cancers, etc., RNF144A expression is highly correlated with the levels of EGFR transcript and protein (Fig. 6) .
It is worth noting that a correlation between RNF144A and EGFR expression is seen in several breast cancer subtypes, (luminal A, r ϭ 0.66; luminal B, r ϭ 0.54; Her2, r ϭ 0.32, normal-like; r ϭ 0.41), but it is not seen in basal-like subtypes (r ϭ Ϫ0.057). EGFR is overexpressed in most triple-negative or basal-like subtype breast cancer through other well-characterized mechanisms. Thus, it is possible that due to its overexpression via other mechanisms, EGFR levels no longer correlate with RNF144A expression. However, given the fact that a role for RNF144A in sustaining EGFR function is demonstrated in multiple cancer cell lines, we suspect that RNF144A knockout in basal-like breast cancer would still affect EGFR function. Additional research will be needed to address the RNF144A-EGFR complex in triple-negative breast cancer.
EGFR endocytosis and transport can precisely control its cellular functions in response to different conditions. Endocytosed EGFR-containing vesicles fuse with different cytosolic vesicles and wait for sorting in the multivesicular bodies that usually store and hold EGFR for a while. It has been shown that EGF induces the formation of enlarged EGFR-positive ring-shaped vesicles that colocalize with different endosome residents, including Rab5 and others (42, 43) . These enlarged ring-shaped vesicles may sequester EGFR and determine its destination and functions (44) . Interestingly, our data show that overexpression of WT RNF144A, but not the ligase-dead mutant (C20A/ C23A), dramatically induces the formation of these large ringshaped vesicles where RNF144A, EGFR, and Rab5 are colocalized during EGF treatment (Figs. 1, C and D, and 4 , F-H, and Fig. S5 ). RNF144A interacts with EGFR in early endosomes and traffic together to late endosomes and lysosome (Fig. 3, A-D) . RNF144A ubiquitinates EGFR (Fig. 4, A-E) and is required to maintain the EGFR protein level (Fig. 5 ). Given that both proteasome and lysosomal inhibitors can cause RNF144A-EGFR complex accumulation (Fig. 3, C and D) , and also partially rescue the effect of RNF144A knockout on EGFR protein reduction ( Fig. 5K ), RNF144A might regulate EGFR proteins through both proteasome and lysosome degradation pathways. Interestingly, it has also been shown that both proteasome and lysosome inhibitors can block EGFR degradation (45) (46) (47) . However, most data still suggest that EGFR is mainly degraded in lysosomes. The effect of proteasome inhibitors on the degrada- Figure 5 . RNF144A is important for maintaining EGFR protein and the EGF/EGFR signaling. A and B, generation of two independent RNF144A stable knockout clones in U2OS cells using the CRISPR/Cas9 system. DNA-agarose gel (1%) shows that the RNF144A transcript was undetectable in two different primer sets even after 50 cycles of RT-PCR amplification. Primer set (# 1) RNF144A-407F/RNF144A-988R and (# 2) RNF144A-749F/RNF144A-1609R (A). Western blot analysis shows the expression of RNF144A in the CRISPR-CTRL system, but not in the two RNF144A knockout cell lines. The proteasome inhibitor MG132 could only further accumulate RNF144A in CRISPR-CTRL cells (B). The arrow indicates RNF144A bands. C-F, Western blot analysis shows that knockout of RNF144A reduced the EGFR protein level in U2OS cells (C and D) and in the transformed MEFs (E and F). Quantitation of Western blots by ImageJ software from three independent experiments of C or E is shown in D or F, respectively. *, p Ͻ 0.05; N.S., not significant. G-J, Western blot analysis shows that knockdown of RNF144A reduced EGFR protein level in HepG2 cells (G) and M059J cells (I). The arrows in G and I indicate RNF144A bands. Depletion of RNF144A in these two cell lines were also independently confirmed by qRT-PCR assays (Fig. S9 ). H and J, quantitation of Western blots by ImageJ software from three independent experiments of G or I is shown in H or J, respectively. K, Western blot analysis shows that proteasome inhibitor (MG132) and lysosome inhibitor (CQ) could partially rescue EGFR protein levels from the RNF144A knockout U2OS cells. 
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tion of EGFR may be due to the indirect effect of regulatory proteins and/or free ubiquitin on the EGFR trafficking to the lysosome (48) . Because RNF144A is unstable and can be accumulated by a proteasome inhibitor (Fig. 5B) , the effect of the proteasome inhibitor on RNF144A-EGFR regulation may be also due to indirect regulation of EGFR transport to lysosomes. All together, these data suggest that during endocytosis of EGFR after EGF stimulation, RNF144A binds and ubiquitinates EGFR in early endosomes. This process may promote the transport or fusion of EGFR-containing vesicles and form the large ring-shaped EGFR(ϩ) vesicles, which ultimately is important for maintaining the overall EGFR protein level and EGFR signaling function. We postulate that ubiquitination of EGFR by RNF144A may signal for EGFR trafficking and/or compete with degradative ubiquitination by other E3 ligases. Future work is warranted to elucidate the detailed mechanism. As an important signaling initiator of many essential cellular functions, EGFR and other receptor tyrosine kinases have been reported to be the targets of several E3 ligases during different transport stages (49) . Our study also shows that RNF144A is required for a full response to EGF in cell proliferation (Fig. 7L ). It will be very interesting to determine whether these E3 ligases can coordinate with each other to regulate the EGF/EGFR signaling.
DNA-PKcs is a key component for error-prone NHEJ DNA repair process for cell survival. The cytosolic DNA-PKcs is the first identified target of RNF144A (11) . Although RNF144A can interact with both DNA-PKcs and EGFR, the interactions appear to be independent of each other (Fig. 3, H-J, and Fig. S4 ). Through these two independent interactions, RNF144A promotes different cell fates in response to different stimuli. During normal cell proliferation, EGF induces RNF144A for maximizing EGF/EGFR signaling. When cells suffer from persistent or severe DNA damage insults, RNF144A is induced by p53 and promotes apoptosis and possibly inhibits errors-prone NHEJ DNA repair by down-regulating DNA-PKcs (11) . Interestingly, EGFR can interact with DNA-PKcs and promote NHEJ DNA repair upon radiation or cisplatin treatment (29, 30) . This regulation may have clinical implications because blockage of EGFR signaling can sensitize cancer cells to radio-or chemotherapies by decreasing the DNA-PKcs DNA repair capacity (38, 50) . EGFR is frequently overexpressed in human epithelial tumors and is associated with therapy resistance. Therefore, EGFR inhibitors in combination with other DNA damaging agents are tested in the cancer harboring activating mutant EGFR or overexpressing EGFR (51) (52) (53) (54) (55) . Interestingly, transiently overexpression of RNF144A also lessened the down-regulating effect of the DNA damaging agents on the EGFR protein level (Fig.  3, F and G) , suggesting a role of RNF144A for maintaining the EGFR level even under DNA damage. Although RNF144A expression is down-regulated in many types of cancer, it is up-regulated in certain cancers, such as gastric cancer and melanoma (Oncomine). Enhanced EGFR levels/activity in RNF144A-overexpressing tumors (Fig. 6 ) may contribute to resistance to chemotherapy. Thus, our new findings suggest a benefit of combining EGFR inhibitors with DNA damaging agents in the cancer with high RNF144A expression. In conclusion, the current study elucidates a novel physiological role of RNF144A in EGF/EGFR signaling and EGF-dependent cell proliferation.
Experimental procedures
Cell culture
All cells used in this study were maintained in media supplemented with (10% (v/v) fetal bovine serum, penicillin (50 IU/ml), and streptomycin (50 g/ml)), and grown in a humidified incubator at 37°C with 5% CO 2 and 95% air as previously described (11) . Specifically, HEK293T, HepG2, and transformed Rnf144A WT and knockout MEF cells were maintained in DMEM. M059K and M059J cells were maintained in DMEM:F-12 at 1:1 medium. U2OS cells were grown in McCoy's 5A medium.
Plasmids and transfection
Mammalian expressing FLAG-tagged RNF144A WT and FLAG-tagged RNF144A mutant plasmids were generated as described previously (10, 11) . The validated RNF144A hairpin shRNA constructs (V2LHS_254611 and V2LHS_72643) were purchased from Open Biosystems (11) . The lentiCRISPR v2 (number 52961) (41), EGFR-GFP (number 32751) (56) , and pcDNA6A-EGFR WT (number 42665) (57) were purchased from Addgene. Standard Lipofectamine 2000 (Life Technologies) or polyethylenimine (Sigma) (58) methods were used for transfection of all cells. If desired, the cells were transfected with the indicated tagging construct plasmid or its original empty vector as a control.
Reagents and antibodies
All reagents were purchased from Sigma unless indicated otherwise. Recombinant human EGF and TGF-␣ were purchased from R&D Systems. Lapatinib ditosylate was purchased from OXCHEM Corporation. Adriamycin (doxorubicin hydrochloride) was purchased from Calbiochem. RNF144A antibody was purchased from Abcam (ab75054 and ab89260), Novus Biological (NBP1-01049), and LifeSpan BioSciences (LS-C162648). EGFR antibody (D38B1, number 4267), Phospho-EGF Receptor Pathway Antibody Sampler Kit (number 9789), and Endosomal Marker Antibody Sampler Kit (number 12666) were purchased from Cell Signaling. DNA-PKcs antibody was purchased from NeoMarkers. GAPDH (sc-47724), EGFR (sc-03), and HA (sc-805) antibodies were purchased from Santa Cruz Biotechnology. EGFR mAb (199.12) was purchased from 
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Thermo Fisher Scientific. The p84 (5E10) antibody was purchased from GeneTex. Rabbit or mouse FLAG antibody (F7245 and F3165), actin antibody (A2066), mouse monoclonal anti-HA-agarose antibody (A2095), and anti-FLAG M2 Affinity Gel (A2220) were purchased from Sigma. Myc-Trap was purchased from ChromoTek. BrdU antibody (B44) was purchased from BD Biosciences.
Generation of RNF144A CRISPR knockout stable cells
The stable cell lines were generated using the standard Target Guide Sequence Cloning Protocol (40, 41) . Briefly, two pairs of single guide oligos (sgRNF144A_4F, 5Ј-CAC CGC AGA GCT TGC AAG ACA CCA G-3Ј and sgRNF144A_4R, 5Ј-AAA CCT GGT GTC TTG CAA GCT CTG C-3Ј; sgRNF144A_10F, 5Ј-CAC CGG CCG GGC ACC AAG TCC GAC A-3Ј and sgRNF144A_10R, 5Ј-AAA CTG TCG GAC TTG GTG CCC GGC C-3Ј) were synthesized to target RNF144A RING1 and IBR domains, respectively. The pair of oligos were annealed and cloned into the lentiCRISPR v2 vector using the BsmBI restriction enzyme site. The cloned vectors or empty vector were then transfected into U2OS cells and selected by puromycin (1 g/ml) for 3 weeks. The resistant clones were screened for RNF144A depletion using RT-PCR with two different oligo sets: RNF144A-407F/RNF144A-988R and RNF144A-749F/ RNF144A-1609R. RNF144A-depleted cells were further confirmed with different qPCR sets of oligos: RNF144A-qPCR-1F/ RNF144A-qPCR-1R and RNF144A-qPCR-2F/RNF144A-qPCR-2R.
Generation of transformed Rnf144a knockout MEF cells
Rnf144a heterozygote knockout mouse was generated in the Baylor College of Medicine mouse core facility. In brief, the Rnf144a knockout first construct (HTGR6005_A_5_G08) was purchased from KOMP Repository, and C57BL/6J ES-cell electroporation was performed at the Baylor College of Medicine mouse core facility. Mouse was genotyping used different oligos: LoxP-F, 5Ј-ACT GAT GGC GAG CTC AGA CC-3Ј; LoxP-R, 5Ј-GCC TTT GAA TCC TAC AAC AG-3Ј; and LoxP-F-genotyping, 5Ј-CTG CAA GGA GTA CCC AGC TT-3Ј. To make a pair of Rnf144a knockout and WT MEF cells, Rnf144a heterozygote knockout mice were mated and mouse embryonic fibroblasts were isolated with day 13.5 to day 14.5 mouse embryos. The genotype of MEF was confirmed by genotyping using genotyping oligo sets and real-time RT-PCR using the mouse Rnf144a PCR primer set: Rnf144a-qPCR-F/Rnf144a-qPCR-R. Primary Rnf144a WT and knockout MEF were transformed by transfecting with simian virus 40 (SV40) T antigen and maintained in DMEM.
Real-time RT-PCR and PCR
RNA was extracted using TRIzol reagent (Invitrogen) as described previously (11) . Real-time RT-PCR was then performed in triplicate on an MX3005P Thermal Cycler (Stratagene) using SYBR Green dye to measure amplification and ROX as a reference dye. Transcript levels were normalized with GAPDH levels, which were analyzed in parallel with test genes. Results were analyzed with MxPro 4.1 Quantitative PCR software (Stratagene). The PCR primer sequences are listed in Table 1 .
Immunoprecipitation and Western blot analysis
For co-immunoprecipitation (co-IP), the 24 -72-h transfected cells or un-transfected cells were harvested with TNN buffer (50 mM Tris, 0.25 M NaCl, 5 mM EDTA, and 0.5% Nonidet P-40) as described previously (11) . An aliquot of the cell lysates was saved for protein input control, and immunoprecipitation was carried out using the indicated antibodies overnight and resolved by 10, 6, or 4 -10% (v/v) gradient SDS-PAGE (Bio-Rad). Cells prepared for Western blot analysis were lysed in SDS lysis buffer (1% SDS, 60 mM Tris, pH 6.8), and equal amounts of proteins were resolved by SDS-PAGE. The specific signals of both co-IP and Western blotting were detected with indicated antibodies.
Immunofluorescence staining
Cells were seeded on cover glasses 1 day before experiments. Cells were treated with specific conditions as described in each experiment and then fixed with 4% paraformaldehyde for 10 min followed by permeabilization with 0.5% Triton X-100 in 1ϫ PBS for 10 min. The fixed cells were then subjected to blocking with 2% BSA in 1ϫ PBS for 2 h before overnight incubation with the indicated primary antibodies. The cells were then stained with a FITC-or Texas Red X-conjugated secondary antibody. The nuclei were stained with Hoechst 33258. Images were captured on a Zeiss fluorescence microscope (Axio Observer Inverted Microscope) equipped with ApoTome 2 (Zeiss). For ApoTome 2 acquisition settings, images were taken with "optical sectioning" in the ApoTome acquisition mode.
Figure 7. Knockout of RNF144A inhibits EGF-dependent gene activation and cell cycle progression.
A-E, knockout of RNF144A reduced the EGF-dependent phosphorylation of EGFR-Tyr 1068 (C), AKT-Ser 473 (D), and ERK-Thr 202 /Tyr 204 (E). B, relative proteins ratio shows knockout of RNF144A only reduced EGFR protein level, but not AKT or ERK protein levels. All quantification data represent mean Ϯ S.D. from three biological replicates. *, p Ͻ 0.05; N.S., not significant. F-J, real-time quantitative RT-PCR analysis shows that EGF induced the expression of RNF144A (F), EGFR (H), B-Myb (I), and Cyclin D1 (J) in the RNF144A CRISPR-CTRL cells but not in the two RNF144A knockout cell lines. G, DNA-agarose gel shows the RNF144A transcript could not be detected even after 40 cycles of qPCR amplification from F. Results were normalized to GAPDH levels and the mean Ϯ S.D. (n ϭ 3) are expressed relative to the expression of genes in CRISPR control cells. K, cell cycle profile analysis shows that depletion of RNF144A slightly increased G 1 phase population upon 24 h of EGF treatment. L, cell proliferation analysis shows that RNF144A was required for a full response of EGF-dependent cell proliferation. Data in K and L represent mean Ϯ S.D. from three biological replicates. 
